Salmonella causes a range of diseases in different hosts, including enterocolitis and systemic infection. Lysine acetylation regulates many eukaryotic cellular processes, but its function in bacteria is largely unexplored. The acetyltransferase Pat and NAD + -dependent deacetylase CobB are involved in the reversible protein acetylation in Salmonella Typhimurium. Here, we used cell and animal models to evaluate the virulence of pat and cobB deletion mutants in S. Typhimurium and found that pat is critical for bacterial intestinal colonization and systemic infection. Next, to understand the underlying mechanism, genome-wide transcriptome was analyzed. RNA sequencing data showed that the expression of Salmonella pathogenicity island 1 (SPI-1) is partially dependent on pat. In addition, we found that HilD, a key transcriptional regulator of SPI-1, is a substrate of Pat. The acetylation of HilD by Pat maintained HilD stability and was essential for the transcriptional activation of HilA. Taken together, these results suggest that a protein acetylation system regulates SPI-1 expression by controlling HilD in a posttranslational manner to mediate S. Typhimurium virulence.
Salmonella are facultative intracellular bacteria that cause a wide scope of diseases in different hosts, ranging from mild enterocolitis to systemic infection [1] . Salmonella uses a multitude of virulence factors to colonize and replicate within the host. These virulence factors include an array of adhesins, superoxide dismutase, flagella, a DNA repair system, and 2 type III secretion systems (T3SSs) [2] . These specific genes compose the molecular basis for pathogenicity in Salmonella.
Salmonella pathogenicity island 1 (SPI-1) is tightly related to the survival of Salmonella in gastrointestinal environments in different hosts [3, 4] . The most remarkable contribution of SPI-1 is to induce Salmonella invasion into host epithelial cells [5] . SPI-1 encodes various virulence factors, termed effectors, which can be secreted via T3SS and interact with host cell proteins [6] . These effectors participate in the regulation of actin filament assembly to mediate bacterial invasion [7] . In addition, SPI-1 effectors are associated with the production of proinflammatory cytokines [8] .
Assembly of the SPI-1 T3SS apparatus and secretion of most of the effectors are controlled by a complex regulatory scheme. Invasion gene activator HilA can directly activate the expression of T3SS apparatus prg genes and effector genes. As a signal-integration gene of SPI-1, hilA can be coordinately regulated by the AraC/XylS family of transcriptional activators HilD/HilC/RtsA and environmental conditions, including aerobic, low osmolarity, or acidic conditions [9] .
As a common protein posttranslational modification, lysine acetylation occurs in both eukaryotes and prokaryotes. Global analysis of lysine acetylation has been reported in several bacteria [10] [11] [12] . These acetylome studies demonstrated diverse cellular functions of lysine acetylation in bacteria. The Gcn5-like acetyltransferase Pat and deacetylase CobB are involved in the reversible acetylation in Salmonella Typhimurium. Our previous data showed that S. Typhimurium downregulates the transcriptional level of pat and increases to NAD + to NADH ratio to increase bacterial survival under acidic stress [13] . In fact, acid resistance is necessary for survival and replication of bacteria within macrophages [14] , and disruption of genes involved in regulation of acid response causes virulence attenuation [15] . Therefore, we hypothesize that protein acetylation/deacetylation may be associated with virulence.
In the present study, we determined the virulence of the deletion mutants of pat and cob and observed attenuated virulence of a pat mutant strain. RNA sequencing (RNA-seq) analysis showed that the transcription levels of virulence-associated genes were significantly altered in the mutants. Finally, we found that the transcriptional regulator HilD within SPI-1 was a substrate of Pat and that the stabilization of HilD by Pat is important for the transcriptional activation of HilA and its downstream genes in SPI-1. Our data suggest that S. Typhimurium may use a reversible protein acetylation system to regulate its virulence.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, Primers, and Media All strains, plasmids, and primers used in this study are described in Supplementary Tables 1 and 2 .
Cell Infection and Cytokine Detection Assays
HeLa cells and RAW264.7 murine macrophage-like cells were used to study the ability of Salmonella to invade and replicate intracellularly, respectively. Thioglycolate-elicited primary peritoneal macrophages were harvested as described previously [16] and used for the study of Salmonella intracellular replication. Levels of interleukin 18 (IL-18), interleukin 1β (IL-1β), and tumor necrosis factor α (TNF-α) were detected by an enzymelinked immunosorbent assay.
Animal Studies
The animal study was performed in strict accordance with the National Research Council Guide for Care and Use of Laboratory Animals (approval ID SYXK Shanghai 2007-0025). Mice were infected intraperitoneally or orally after gastric gavage with 20 mg of streptomycin. Spleens and livers from BALB/c mice were collected at designated time points for bacterial enumeration. Cecum pathologic analysis was evaluated by hematoxylin and eosin staining, myeloperoxidase staining, and immunohistochemical staining. Mast cells and goblet cells were counted, and mucosa and submucosa thicknesses were measured for quantitative measures of inflammation.
RNA-seq and Verification by Real-Time Quantitative Polymerase Chain Reaction (qPCR) Analysis
Total RNA was isolated with Ambion RNA mini kit. RNA-seq reactions were performed on Illumina HiSeq 2000. Real-time qPCR was used to validate RNA-seq data.
In Vitro Acetylation Assay
The in vitro acetylation reaction was performed at 37°C for 6 hours by adding 10 µg of Pat, 4 µg of HilD, and 0.2 mM of acetyl-CoA in a volume of 50 µL.
Degradation of HilD In Vivo
Plasmid harboring hilD was induced by 10 mM arabinose for 60 minutes. Translation was blocked with 300 mg/mL spectinomycin. Samples were collected at different time points for Western blot analysis.
Detailed information about experimental procedures not provided here can be found in the Supplementary Information. Salmonella usually enters the host via the oral route, through ingestion of contaminated food or water. Bacteria that survived the acid condition of the stomach colonize the small intestine, where invasion of the most distal Peyer patch is preferred [17] . Our previous data showed that pat was involved in Salmonella survival under acidic stress, which suggests that protein acetylation may regulate S. Typhimurium virulence [13] . To test this hypothesis, we first used epithelial cells to study the role of pat and cobB in the bacterial invasion of host cells. Briefly, Δpat, ΔcobB, and wild-type (WT) S. Typhimurium were used to infect HeLa cells at a multiplicity of infection of 50 for 1 hour and with 100 µg/mL gentamicin treatment for another 2 hours to remove the extracellular bacteria. As shown in Figure 1A , the invasion rate was reduced by 28.7% owing to loss of pat, compared with WT, and by 40.3%, compared with ΔcobB. Figure 1 . Invasion of epithelial cell and intracellular replication in macrophages of Salmonella. A, Different invasion ability of Salmonella wild-type (WT), Δpat, and ΔcobB in HeLa cells. HeLa cells were infected at a multiplicity of infection of 50 from exponential-phase LB cultures. Cells lysates were plated on agar plates and bacterial colonies were counted to calculate invasion efficiency. B, Different reproduction rates in macrophage of Salmonella WT, Δpat, and ΔcobB. Cells were lysed with 0.1% (v/v) Triton X-100 in phosphate-buffered saline (PBS) 2 hours and 24 hours after infection. Lysates were diluted and plated on agar plates for bacterial colony counting. The reproduction rate was calculated as the fold change in bacteria recovered between 2 hours and 24 hours after infection. C, The replication of bacteria in primary peritoneal macrophages. Net growth between 2 hours and 24 hours was calculated from the fold change in bacteria recovered at these time points. **P < .01 and ***P < .001, by analysis of variance. Abbreviation: CFU, colony-forming units.
Intracellular replication in macrophages represents a major aspect of Salmonella pathogenesis [17, 18] . To determine whether acetylation/ deacetylation contributes to bacterial intracellular replication, we assessed the intracellular replication of WT, Δpat, and ΔcobB in RAW264.7 murine macrophage-like cells. The result showed that the intracellular bacterial number of Δpat increased only 7-fold after infection for 24 hours, while both WT and ΔcobB showed a 44-fold increase ( Figure 1B ), suggesting pat mutation impairs the intracellular survival and replication in macrophages. Additionally, primary peritoneal macrophages were used to confirm the observation in RAW264.7 cells. As expected, WT and ΔcobB possessed better replication abilities than Δpat, while Δpat lost its ability to proliferate in primary peritoneal macrophages and only about 55% of Δpat survived after 24 hours of infection ( Figure 1C ). These results demonstrate that Δpat had an attenuated proliferation in macrophages, irrespective of macrophage types.
Host Cell Effects of Infection With Invasive S. Typhimurium
Cytokine signaling, induced by the interaction of the host cells and bacteria, is crucial to the development and progression of salmonellosis. Cytokines are responsible for regulating immune responses. The equilibrium between proinflammatory and antiinflammatory cytokines controls the infection, preventing damage to the host from prolonged inflammation. Cytokines have broad range of effects upon the host cell during infection. It has been identified that IL-1β, IL-18, and TNF-α confer protection during infection [19] . In our study, we observed decreases of approximately 75% and 60% in levels of IL-1β and IL-18, respectively, in Δpat-infected cells, compared with WT-infected cells, while ΔcobB-infected cells secreted levels of IL-1β and IL-18 similar to those secreted by WT-infected cells (Figure 2A and 2B). The maturation of IL-1β and IL-18 requires caspase-1 activation [20] . Western blot showed fewer cleaved products of caspase-1 in Δpat-infected cells, visualized by an antibody to the p10 subunit of caspase-1 ( Figure 2C ), which indicates that caspase-1 activation was diminished in Δpat-infected cells. We also detected a 45% decrease in TNF-α secretion in Δpat-infected cells, compared with WT-infected cells ( Figure 2D ). The above results suggest that Δpat induced lower levels of proinflammatory cytokines, compared with WT and ΔcobB.
The Deletion Mutant of pat Is Hypovirulent in Mouse Models
After we confirmed the importance of pat in the entry and intracellular replication of Salmonella, we next used mouse models to evaluate its role in virulence. Briefly, groups of 6 BALB/c mice were injected intragastrically with 1.5 × 10 7 colony-forming units of WT, Δpat, or ΔcobB or with phosphate-buffered saline (PBS) control, and mortality was monitored over a 12-day period. Mice in the PBS group were alive and healthy throughout the study. Mice infected with WT or ΔcobB began dying 4 days or 5 days after infection, respectively. Mice in Δpat group did not Measurement of the concentrations was performed in 3 independent experiments. ** P < .01 and ***P < .001, by analysis of variance, compared with wild type (WT).
start dying until day 6 after infection ( Figure 3A ). In addition, all of the WT-or ΔcobB-infected mice died by day 7 after infection. However, two thirds of Δpat-infected mice remained alive throughout the experiment. These mice recovered >10 days after infection and showed no infection-associated morbidity, such as ruffling of fur and wasting. Usually, intraperitoneal infection is used to mimic the systemic phase of the infection, bypassing the entry of the bacteria through epithelial cells in the gut. In addition, the invading bacteria depend on a set of invasion-related genes after oral infection that are not required for systemic virulence [21, 22] . Therefore, we repeated the survival assay by using intraperitoneal infection with 1.5 × 10 5 colony-forming units of bacteria. We recorded the survival status up to day 6 after infection. As depicted in Figure 3B , mice infected with WT or ΔcobB began dying both at 2.5 days after intraperitoneal infection, and 5 of 6 mice in these 2 groups died on the third day. However, 5 of 6 mice infected with Δpat were alive at day 3 after infection, indicating that Δpat is a slightly less virulent than WT and ΔcobB intraperitoneally. The susceptibility of different mouse strain toward systemic serovar Typhimurium infection [23] is affected by multiple factors, especially Nramp-1. Nramp-1 is a divalent cation antiporter protein [24] , which is believed to play a pivotal role in the control of Salmonella replication [25] . Since Δpat showed virulence attenuation in BALB/c mice (Nramp1 susceptible), we next asked whether this phenotype is dependent on Nramp1.
Therefore, we repeated the mouse infection experiment described above by infecting DBA-2 mice (Nramp1 resistant) intraperitoneally and intragastrically (Supplementary Figure 1) . Consistent with the observation in BALB/c mice, Δpat still showed an impaired virulence, compared with WT and ΔcobB in DBA-2 mice.
The Deletion Mutant of pat Attenuated Systemic Infection, Cecal Inflammation, and Bacterial Localization in the Ceca Although Salmonella is described as an intestinal pathogen, it can translocate into organs, leading to a systemic infection and ultimately fatal systemic disease in mice [26] . To determine whether pat or cobB is involved in bacterial translocation, the livers and spleens were harvested 48 hours after oral infection, and the bacterial burdens in organs were recorded. Compared with WT, Δpat showed an approximately 4.99-fold and 3.84-fold reduced colonization ability in spleen and liver ( Figure 3C and 3D), respectively. No significant difference was observed regarding bacterial burdens between ΔcobB and WT, indicating that pat instead of cobB is critical to bacterial colonization in organs and systemic infection.
The virulence of S. Typhimurium is tightly associated with triggering enterocolitis. To assess the induction of intestinal inflammation by different strains, we infected BALB/c mice orally with 1.5×10 7 colony-forming units of bacteria. Hematoxylineosin staining showed a marked edema ( Figure 4A ) and infiltration of polymorphonuclear leukocytes ( Figure 4B ) in the Intestines of 4 groups of mice from the experiment were fixed and embedded in paraffin, and 5-µm-thin sections were stained with H/E. B, Neutrophil infiltration in the ceca. Blue indicates the nucleus, which was stained by hematoxylin. Claybank indicates polymorphonuclear leukocytes (PMNs). Sections were incubated with antimyeloperoxidase antibody, followed by incubation with anti-rabbit immunoglobulin G horseradish peroxidase-linked antibody. Diaminobenzidine was used as chromogenic agent. Neutrophils were rare in the ceca of mice treated with phosphate-buffered saline (PBS) and those infected with Δpat but abundant in the wild-type (WT)-or ΔcobB-infected tissues. C, Scoring of inflammatory changes at 48 hours after infection from PBS-treated and WT-, Δpat-, and ΔcobB-infected mice ceca. Each bar represents a single mouse. To quantify pathological changes, H/E-stained sections of the ceca of 6 mice from each group of the experiment shown in Figure 5A were scored. Statistical analyses are shown for the separate scores and for the combined score. Statistical analysis was performed by using the exact Mann-Whitney U test and SPSS, version 19.0, software. D, S. Typhimurium in mice ceca. Bacterial loads in the ceca of streptomycin-treated BALB/c mice 48 hours after infection were counted. Paraformaldehyde-fixed paraffin section were stained for actin (green in merge); for nuclei, with DAPI (4′,6′-diamidino-2-phenylindole; blue in merge); or for Salmonella lipopolysaccharide (red in merge). Images are shown at ×200 original magnification. For bacterial enumeration and histopathological analysis, mice were euthanized by cervical dislocation at designated time points, and tissues were harvested aseptically for bacterial enumeration and histopathological analysis. Magnifications are indicated by the black bars. Abbreviations: e, edema; er, erosion of the epithelial layer; L, intestinal lumen; p, polymorphonuclear leukocytes; sa, submucosa. This figure is available in black and white in print and in color online.
submucosa, and other inflammatory features, including an obvious hypertrophy and abscesses of crypt in the mucosa, an increasing number of mast cells, the loss of goblet cells, and desquamation in the surface epithelium layer, were observed 48 hours after infection in ΔcobB-or WT-infected mice (quantitative measures of inflammation are listed in Supplementary Table 3 ). As shown in Figure 4B , infiltration of myeloperoxidase positively stained neutrophils was observed in the lamina propria and predominantly in the submucosa of the ceca of WT or ΔcobB-infected mice, while only mild inflammation was observed in the ceca of Δpat-infected mice. Histopathological scoring clearly revealed that, 48 hours after infection, cecal inflammation was reduced dramatically in Δpat-infected mice but remained severely inflamed in mice infected with WT or ΔcobB ( Figure 4C ). Next, to explore whether intestinal inflammation attenuation in Δpat-infected mice is due to the changes in the distribution of bacteria within the gut, we assessed the localization of S. Typhimurium by immunohistochemical analysis. Ceca were harvested 48 hours after infection and stained for actin, cell nuclei, and antibody against Salmonella lipopolysaccharide. Δpat localized less than WT and ΔcobB in the epithelium and mucosa (Figure 4D) , especially in the mucosa, indicating that fewer pat deletion mutants can cross the epithelium barrier to reach the mucosa.
A Transcriptomic Analysis of pat or cobB Deletion Mutants and WT S. Typhimurium
To this point, we have revealed a close relationship between protein acetylation/deacetylation and virulence in S. Typhimurium. To explore the underlying molecular mechanism, we performed RNA-seq to compare the transcriptomes of WT, Δpat, and ΔcobB. The bacteria at log phase were harvested for RNA isolation. Sequencing using the Illumina HiSeq 2000 yielded Figure 5 . Transcriptomes of Salmonella Typhimurium. A, Genes differentially expressed in Δpat were classified using the Kyoto Encyclopedia of Genes and Genomes (KEGG). B, Genes differentially expressed in ΔcobB were classified using KEGG. Abbreviation: WT, wild type.
Protein Acetylation and Salmonella Virulence • JID 2016:213 (1 June) • 1841 10 125 866 qualified reads for WT, 8 427 941 reads for Δpat, and 11 477 749 reads for ΔcobB, respectively. Log 2 ratios of reads per million unique genomic mappers were used to identify differentially expressed genes. The candidate genes that showed an expression ratio of at least 2-fold (log 2 ≥ 1 or log 2 ≤ −1) between Δpat or ΔcobB and WT were included for further analysis.
Seventy-nine and 130 genes were defined as differentially expressed in Δpat and ΔcobB, respectively. Compared with WT, 35 genes were upregulated and 44 genes were downregulated in Δpat. Twenty-four genes were upregulated and 106 genes were downregulated in ΔcobB (Supplementary Table 4) . The Kyoto Encyclopedia of Genes and Genomes was used to classify genes into different categories. Among 79 genes differentially expressed in Δpat, 51 could be classified into categories; the cluster for ''membrane transport'' was the largest group ( Figure 5 ). These data indicated that metabolism was altered in S. Typhimurium when pat or cobB was deleted, which is consistent with our previous study [11] . Twenty candidate genes were randomly selected to validate RNA-seq results by qPCR (Supplementary Figure 2) ; primers are listed in Supplementary Table 2 .
Considering that the virulence of Salmonella is associated with SPI-1 and SPI-2, we focused on the changes of genes in SPI-1 and SPI-2 in Δpat and ΔcobB. Notably, the spa (surface presentation of antigen) genes spaR (STM14_3487) and spaQ (STM14_3488) encoded in SPI-1 were significantly downregulated in Δpat (Supplementary Table 4) . Functional analyses of spa showed that their products compose an unusual export system, which is dedicated to surface presentation of proteins and interaction with host cells [27] . Additionally, transcription of many genes in SPI-1 declined in Δpat, including the prg (PhoP-repressed products) genes prgK, prgJ, prgI, and prgH (STM14_3470 to STM14_3473), encoding component of the needle complex; the sip (Salmonella invasion protein) genes sipA, sipD, sipC, and sipB (STM14_3481 approximately STM14_3484), encoding translocation machinery component; and the inv (invasion) genes invJ, invI, invC, invB, invA, invE, invG, invF, and invH (STM14_3491 approximately STM14_3499), which were essential for invasion of cells (Supplementary Table 4) . qPCR confirmed the RNA-seq results (Supplementary Figure 3A) . Figure 6 . Acetylation regulates the protein levels of HilD and HilA. A, hilA messenger RNA level in wild-type (WT), Δpat, and ΔcobB strains. B, Acetylation modification of HilD in vitro. C, Stabilities of HilD in WT, Δpat, and pat complementation strains were measured using in vivo degradation experiments. D, Protein levels of HilA were determined under Salmonella pathogenicity island 1-activating (ie, high-salt and oxygen-limiting [29] ) conditions. Figure 3B) , indicating that pat was involved in expression regulation of SPI-1 genes in S. Typhimurium.
Complementation of pat in
Δpat restored the messenger RNA (mRNA) levels of target genes in SPI-1 (Supplementary
Acetylation by Pat Stabilized HilD
HilD, a key transcriptional regulator of SPI-1, forms a complex with HilC/RtsA and occupies a position at the apex of the regulatory cascade within SPI-1 [28] . Interestingly, we did not observe the change of HilD/HilC/RtsA mRNA in Δpat or ΔcobB, compared with WT (Supplementary Figure 3C) , while the mRNA level of hilA had an approximately 50% decrease in Δpat ( Figure 6A ). We also used HilA antibody to detect the protein level of HilA under SPI-1-activating conditions in Δpat and WT. As expected, the amount of HilA in Δpat was reduced by >50%, compared with that of WT ( Figure 6B ). Therefore, we propose that acetylation may regulate HilD in a posttranslational manner to regulate the expression of hilA and SPI-1.
To examine our speculation, we performed acetylation modification of HilD in vitro and found that the acetylation level of HilD increased dramatically after its incubation with Pat in the presence of acetyl-CoA ( Figure 6C ), indicating that HilD is a substrate of Pat. In addition, we observed that the half-life of HilD was 2.6 times shorter in Δpat, compared with WT, and that complementation of pat on the Δpat background could restore the stability of HilD ( Figure 6D ), suggesting pat is involved in maintaining the stability of HilD. Based on these data, we propose that a protein acetylation system is involved in the pathogenesis of S. Typhimurium by regulating the stability of the SPI-1 regulator HilD.
DISCUSSION
Protein acetylation regulates a wide range of cellular functions in eukaryotes, especially transcriptional control in the nucleus [30] . In prokaryotes, it is known to be associated with bacterial metabolism [11, 31] , transcriptional regulation [32] , bacterial chemotaxis [33] , and acid resistance [13] . In this work, we demonstrate that protein acetylation is involved in the virulence of S. Typhimurium, including invasion, intracellular survival, and systemic infection.
Inflammatory response in the ceca and activation of host innate immune system are associated with SPI-1 in S. Typhimurium [34] [35] [36] . SipB, as an SPI-1-encoded effector protein, can be translocated across the host cell membrane by T3SS-1. SipB binds and activates caspase-1 and finally causes the maturation of IL-1β and IL-18 [20, 37] . We observed a decline of sipB in transcription level in Δpat by RNA-seq (Supplementary  Table 4 ), and Δpat-infected cells had a reduced inflammation response (Figure 2) . Hence, we propose that the host inflammation response regulated by the bacterial acetylation system is dependent on SipB abundance. Furthermore, SPI-1-dependent induction of caspase-1 activation in macrophages is required for systemic spread [38] , which is in line with what our observation that the deletion of pat causes an attenuated bacterial burden in systemic organs and a declined ability to survive and proliferate in macrophages.
WT and Δpat caused significant difference of mortality rate in mice with oral infection. All WT-infected mice died by day 7, while half of Δpat-infected mice were alive ( Figure 3A) . As we know, SPI-1 is originally thought important as an invasionrelated cluster of genes required for virulence of oral infection [39] . Therefore, attenuated function of SPI-1 contributes to the hypovirulent phenotype of Δpat with oral infection. In contrast, mice infected with WT and Δpat intraperitoneally showed less difference in mortality rate ( Figure 3B ). In addition, our previous work demonstrated that downregulation of protein acetylation can prevent intracellular pH from decreasing further under acidic stress [13] . Thus, Δpat should possess a better ability to survive in the acidic conditions of the stomach during oral infection. This finding could further support the idea that the decrease in Δpat virulence is partly due to attenuated invasion ability.
We observed pat is required for bacterial replication within macrophages ( Figure 1B ) and the progression of a systemic infection ( Figure 3C and 3D) , which mainly depend on SPI-2 [40] . HilD can activate the ssrAB operon by specifically interacting with its regulatory region to upregulate SPI-2 [41] . However, we did not observe transcriptional decrease of SPI-2 genes in Δpat by RNA-seq; one possible reason is that HilD is not required for SPI-2 expression under the in vitro growth conditions [41] .
Our previous work showed that the relative activities of key enzymes involved in glycolysis and the citrate cycle pathway are all regulated by Pat and CobB [11] . It has been shown that primary metabolism is required for Salmonella virulence in macrophages and mice [42] . Central metabolism plays an important role in the infection of a host by a pathogen. Moreover, our acetylome study showed PfkA (Phosphate Fructose Kinase A) exists acetylation modification [11] , therefore, we speculate that metabolism alteration mediated by acetylation may partially contribute to S. Typhimurium virulence.
Expression of hilA is coordinately controlled by the HilD/ HilC/RtsA complex, and HilD plays a major role in the regulation of hilA. In this study, hilA was downregulated at both the mRNA level ( Figure 6A ) and the protein level ( Figure 6D ), but mRNA levels of hilD, hilC, and rtsA did not change in Δpat (Supplementary Figure 3C) . Furthermore, we found that HilD is a substrate of Pat and that degradation of HilD in Δpat is faster than in WT cells. Therefore, we propose that acetylation by Pat regulates HilD in a posttranslational way and is beneficial for HilD stability. Previous work demonstrated that the stability of HilD can be reduced by propionyl-CoA, Hung et al speculated this process may be achieved by acylation modification, although they did not observe acylation of HilD [28] . Considering that HilD is a center regulator of SPI-1 and can be acetylated by Pat, we propose a model to illustrate the relationship between acetylation and virulence mediated by HilD. As depicted in Figure 7 , when HilD is acetylated, it is more stable and promotes the transcription of HilA, leading to the activation of SPI-1. In contrast, the deacetylated HilD tends to be degraded and fails to activate the transcription of HilA and thus downregulates the expression of SPI-1, leading to an attenuated S. Typhimurium virulence.
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Notes
Financial support. A working model depicting the protein acetylation system involved in the pathogenesis of Salmonella Typhimurium. Acetylation-regulated pathogenicity of S. Typhimurium is mediated by HilD. HilD was regulated by Pat in a posttranslational modification manner. When acetyltransferase Pat was removed, the acetylation level and stability of HilD decreased, which would lead to a reduced amount of HilA and downregulation of Salmonella pathogenicity island 1 (SPI-1)-encoded T3SS apparatus and effectors, resulting in attenuated S. Typhimurium virulence.
